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Melting temperatureCyanine dyes are important chemical modiﬁcations of oligonucleotides exhibiting intensive and stable ﬂuores-
cence at visible light wavelengths. When Cy3 or Cy5 dye is attached to 5′ end of a DNA duplex, the dye stacks
on the terminal base pair and stabilizes the duplex. Using opticalmelting experiments,we have determined ther-
modynamic parameters that can predict the effects of the dyes on duplex stability quantitatively (ΔG°, Tm). Both
Cy dyes enhance duplex formation by 1.2 kcal/mol on average, however, this Gibbs energy contribution is
sequence-dependent. If the Cy5 is attached to a pyrimidine nucleotide of pyrimidine–purine base pair, the stabi-
lization is larger compared to the attachment to a purine nucleotide. This is likely due to increased stacking inter-
actions of the dye to the purine of the complementary strand. Dangling (unpaired) nucleotides at duplex
terminus are also known to enhance duplex stability. Stabilization originated from the Cy dyes is signiﬁcantly
larger than the stabilization due to the presence of dangling nucleotides. If both the dangling base and Cy3 are
present, their thermodynamic contributions are approximately additive. New thermodynamic parameters im-
prove predictions of duplex folding, which will help design oligonucleotide sequences for biophysical, biological,
engineering, and nanotechnology applications.
© 2015 Integrated DNA Technologies. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Cy3orCy5dye;ΔG°37, transitionGibbs freeenergyat37°C;ΔH°, transitionenthalpy;ΔS°, transitionentropy; Tm,melting temper-
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37B.G. Moreira et al. / Biophysical Chemistry 198 (2015) 36–441 . IntroductionManybiophysical andbiological studies use oligonucleotides that con-
tain additional chemical moieties attached to either 5′ or 3′ terminus.
Thesemoieties provideDNAoligomerswith useful andunique properties.
Cy dyes are one important class of such modiﬁcations. The dyes have
sharp absorption bands, high extinction coefﬁcients, excellent resistance
to photobleaching and make DNA oligomers highly ﬂuorescent, so that
even single molecules can be observed [1,2]. Their chemical structure is
built from two indole rings that are connected by a polymethine chain
(Fig. 1). Cy3 dye (1,1′-bis(3-hydroxypropyl)-3,3,3′,3′-tetramethylindo
carbocyanine) contains a connecting chain of threemethine groups. The
chain consists of ﬁvemethine groups in Cy5 dye (1,1′-bis(3-hydroxypro-
pyl)-3,3,3′,3′-tetramethylindodicarbocyanine).
In the case of oligonucleotides, the dyes are often linked to the ribose
at 5′ terminus. In our experiments, the covalent linker consisted of 5′
phosphate group and the propyl chain that was connected to indole
ring. Cyanine-modiﬁed oligonucleotides have been used in numerous
studies of composition, structure and dynamics of nucleic acids includ-
ing genotyping [3–5], real-time PCR [4,6,7], gene expression,microarray
experiments [8,9], molecular beacons [10], in situ hybridizations [11],
single molecule dynamics investigations [1,12,13], nanoparticles [8,14],
optical switches for data storage [15], enzyme kinetics [16] and protein–
nucleic acid interactions [17]. Typically, annealing of the probe to its
target alters the ﬂuorescence properties of the cyanine-labeled oligonu-
cleotide. This could be accomplished by various schemes of dye
quenching [4,18]. Another set of applications relies on Förster resonance
energy transfer (FRET) between pair of dyes, allowing measurements of
distances on nanometer scale [19]. For example, pairing of Cy3 with Cy5
is favored in single molecule studies [20]. Many aspects of Cy3 and Cy5
ﬂuorescentproperties havebeen investigated [2,21–23]. Levitus andRanjit
recently reviewed cyanine dye photophysics [24]. Our interest is focused
on the energetics of molecular interactions.
Design of experiments and applications relies on predictions of
melting temperatures (Tm) and Gibbs energies (ΔG°) of hybridization.Fig. 1. Chemical structures of cyanine dyes and their attachment to 5′ terminus of oligonu-
cleotides via phosphate group.The nearest-neighbor thermodynamic model has been very successful
in predicting energetics and extent of hybridization for native DNA
[25,26] and RNA duplexes [27,28]. Additional chemical groups can sig-
niﬁcantly affect duplex stability and melting temperature. We have ob-
served that many dyes and quenchers attached to duplex terminus
increase Tm values [29]. Cy dyes appear to stabilize DNA duplexes
most from a group of seven common ﬂuorescent dyes [29].
It has not been possible to model the dye effects accurately because
sequence speciﬁcity of the stabilization has not been studied.We there-
fore measured and determined sequence-dependent thermodynamic
parameters for Cy3 and Cy5 dyes attached to a terminal nucleotide.
New parameters are compatible with the published nearest-neighbor
model of DNA duplexes [26] and improve accuracy of Tm and ΔG°
predictions. The results are important not only for oligonucleotide
design, but also for interpretation of structure, dynamics and
photophysics of Cy-modiﬁed nucleic acid molecules.
2. Materials and methods
2.1. Oligonucleotide synthesis
Oligodeoxynucleotides were chemically synthesized using
phosphoramidites at Integrated DNA Technologies (Coralville, IA).
DNA samples were puriﬁed with Transgenomic Wave HPLC system
and/or 8 M urea denaturing polyacrylamide gel electrophoresis [29].
Attachment of dyes and purity of oligonucleotides were veriﬁed by
electrospray-ionization liquid chromatography mass spectroscopy
(ESI-LCMS). These tests were done on an Oligo HTCS system (Novatia,
Princeton, NJ). Samples were discarded if the experimental molecular
mass of oligonucleotide deviated more than 2 g/mol from the expected
molecular mass. Oligonucleotide lots were also analyzed by capillary
electrophoresis that was run using a Beckman PACE 5000 or Beckman
MDQ systems [30]. Oligonucleotides that were less than 90% pure
were puriﬁed again until they reached this level of purity. These assays
conﬁrmed quality and identity of oligonucleotides.
2.2 . UV melting experiments
We followed our published experimental protocol [30]. Oligonucle-
otides were rehydrated in 50 mM Na+ buffer (50 mM NaCl, 10 mM
phosphate, 1.0 mM Na2EDTA, pH = 7.0) and their concentrations
were determined from absorbance measurements at 260 nm using
two different dilutions. Absorbance of self-complementary sequences
was read at 85 °C to denature all base pairs. Extinction coefﬁcients of
oligomers were predicted from the nearest-neighbor model [31].
Extinction coefﬁcients of Cy3 and Cy5 at 260 nm were added — they
were assumed to be 4900 and 10,000 L·mol−1·cm−1, respectively
[29]. Concentrated stocks of duplexes were prepared by mixing of
strands in 1:1 molar ratio, heating the sample to 95 °C, and slowly
cooling to ambient temperature.
Melting buffer consisted of 1 M NaCl, 10 mM sodium phosphate,
1 mM Na2EDTA, adjusted with NaOH to pH 7.0. DNA stock samples
were dialyzed against the melting buffer in 28-Well Microdialysis
System (Gibco-BRL, Gaithersburg, MD) for at least 24 h. Samples for
melting experimentsweremade by direct dilutions from the stock solu-
tion. UVmelting proﬁles weremeasured using a Beckman DU 650 spec-
trophotometer with Micro Tm Analysis accessory. Absorbance values at
268 nm were recorded every 0.1 °C. Sample heating rate was 25 °C/h.
Temperatures were obtained from an internal probe located inside of
the Peltier holder and corrected based on our previous calibration mea-
surements [30]. Custom-made 1 mm and 10 mm pathlength cuvettes
(Helma GmbH, Müllheim, Germany) allowed us tomeasure total single
strand concentrations (Ct) ranging from 1 to 175 μM. Absorbance of the
upper baseline extrapolated to 25 °Cwas used to verify proper dilutions
of samples and to estimate experimental Ct concentrations.
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Weemployed thepublishedprocedure [30] to transform absorbance
melting data to the fraction of dissociated base pairs (θ). Tm was
determined as the temperature [32] where θ= 0.5. Each sample was
measured in two different positions of the 6-cuvette Peltier holder to
reduce experimental errors. Average standard deviation of Tmmeasure-
ments was 0.5 °C for the primary data set and 0.3 °C for the validation
data set.
Thermodynamic parameterswere obtained frommelting proﬁles by
using two different approaches. The ﬁrst method was based on the
integrated form of van′t Hoff equation [32,33],
− lnKeq ¼
ΔH
R
1
T
−ΔS

R
ð1Þ
The equilibrium constant of hybridization reaction (Keq) was esti-
mated at each temperature T,
Keq ¼
m 1−θð Þ
θ2Ct
ð2Þ
where m is the constant equal to ½ for a duplex formed from a single
self-complementary strand and 2 for a duplex annealed from two differ-
ent strands [32,34].
As expected from Eq. (1), the plots of ln K versus 1/T showed linear
relationships in the transition region where θ ranges from 0.15 to 0.85.
The plots were ﬁtted to straight lines whose slopes and intercepts
were used to calculate ΔH° and ΔS° values [33,35]. From four to eight
heating and cooling melting proﬁles were averaged for each DNA sam-
ple to determine the transition enthalpy, entropy and Gibbs energy. The
thermodynamic values were further averaged over various DNA con-
centrations. If absorbance values were below 0.1 or above 1.0, ln Keq
ﬁts had large errors due to spectrophotometer limitations and experi-
mental noise. In this case, the thermodynamic data were excluded
from theΔH°,ΔS°,ΔG°37 averages. However, experimentalmelting tem-
peratures were robust and exhibited similar errors regardless of absor-
bance value. Tm values from all experiments were therefore included in
the following analysis.
In the second method, melting temperatures were determined at
twelve different DNA concentrations for each duplex sequence (see
concentrations in Table S1 of the Supplementary data). Reciprocal melt-
ing temperatures were plotted as a function of ln Ct. Thermodynamic
values were determined from slopes and intercepts of linear ﬁts [25,
33–36] according to the relationship,
1
Tm
¼ ΔS

ΔH
þ R
ΔH
ln
Ct
i
ð3Þ
where R is the ideal gas constant. The constant i reﬂects differences in
molecularity of annealing reaction — it equals to 1 for self-
complementary strands and 4 for duplexes annealed from two different
strands. If a data point deviated from the ﬁtted straight line more than
three times of its estimated error, it was deemed to be the outlier. The
outlier was discarded and melting experiments were often repeated.
Less than 5% of all melting data points appeared to be such outliers.
Since absorbance values would range from 0.1 to 12.4 in 10 mm
pathlength cuvette, the samples of absorbance above 1.4 were
measured in 1 mm cuvette. To explore the largest possible range of
absorbance values, the oligonucleotide concentrations decreased some-
whatwith the duplex length (Supplementary Table S1). Samples having
absorbance value of 1.42 were measured in both 10 mm and 1 mm cu-
vettes to compare and eliminate systematic errors due to cuvette sizes.
The oligonucleotide concentrations were designed to be uniformly dis-
tributed on the logarithmic scale, i.e., differences between consecutive
ln Ct data points were nearly identical.Both analysismethods assumed that themeltingprocess proceeds in
the two-state manner and the change of heat capacity between the
single-strands and the duplex is negligible. If ΔH° values or ΔS° values
differed by more than 15% between both methods, the two-state as-
sumption was considered invalid and the thermodynamic data were
not used to determine thermodynamic parameters [25,33,35].
Gibbs energy contributions of dyes have been calculated as a differ-
ence between modiﬁed and the corresponding core duplexes. For ex-
ample, the contribution for Cy3–AG sequence context was obtained
from the following difference,
ΔΔG Cy3−AGð Þ ¼ ΔG Cy3−AGCGTCCA=TCGCAGGTð Þ
− ΔG AGCGTCCA=TCGCAGGTð Þ ð4Þ
Enthalpic and entropic contributions have been estimated using
analogous differences.
Thermodynamic parameters were extracted from thermodynamic
values using previously published analysis based on singular value de-
composition [37]. The ﬁtted parameters minimized χ2 for a set of oligo-
nucleotide measurements,
X2 ¼ M P−Ex  σE−1 2 ð5Þ
whereP is the vector of unknownparameters,Ex is the column vector of
experimentally measured thermodynamic contributions attributed to
cyaninedye (ΔΔG°37,ΔΔH, orΔΔS°), andσE is thediagonalmatrix of ex-
perimental errors. The design matrixM contains the number of occur-
rences of each parameter in each duplex. The deﬁnition of parameters
and their occurrences depends on the model. We have investigated
models based on a single parameter, nearest neighbors, next nearest
neighbors, neighbor purines/pyrimidines, etc.
The ﬁts were not weighted based on experimental errors because
this could introduce artifacts. We did not expect accuracy of thermody-
namic values to vary substantially from one duplex sequence to anoth-
er. Values ofσEwere therefore set to average errors thatwere estimated
by error propagation (2.1 kcal·mol−1 forΔΔH°, 6.4 kcal·mol−1·K−1 for
ΔΔS°, and 0.2 kcal·mol−1 forΔΔG°37). The goodness-of-ﬁt and accuracy
of prediction was judged by calculating χ2 and root mean square devia-
tion (rmsd) over a data set of nmeasurements,
rmsd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1 E
p−Ex
 2
n
2
s
ð6Þ
where Ep− Ex is the difference between predicted and experimentally
measured thermodynamic values.
3. Results
3.1 . Ultraviolet melting experiments
We have studied stability of DNA duplex oligomers where Cy dyes
were attached to the 5′ terminus. Several chemical variants have been
deﬁned as Cy3 and Cy5 in the published literature. Fig. 1 shows the
chemical structures of our dyes and their tethers. Our molecules do
not contain a sulfonate group in position 5 of indole rings, which is
sometimes introduced to increase water solubility. These Cy modiﬁca-
tions are commercially available from many sources (Integrated DNA
Technologies, Coralville, IA). Fig. 2A presents an example of the set of
experimental melting proﬁles that were done for each duplex. Both
dye-modiﬁed and native duplexes showed proﬁles characteristic of a
single transition, which had sigmoidal shape. Heating and coolingmelt-
ing proﬁles were superimposable within experimental errors indicating
that the melting transitions for all samples were reversible and close to
equilibrium.
Fig. 2. Example of thermodynamic analysis for D19 duplex. (A) Melting proﬁles averaged
at each oligonucleotide concentration. (B) Fit of melting temperatures to determine ΔH°,
ΔS°, and ΔG°37 values.
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ported in Table 1. The set contained 35modiﬁed oligomer duplexes. For
comparison, 10 unmodiﬁed core duplexes of the same sequences were
also measured. This data allowed us to determine Gibbs energy contri-
butions attributed to stabilizing effects of Cy dyes. The sequences were
designed to exhibit melting temperatures in the range from 35 to 75 °C,
so that linear baselines before and after melting transition were
measured. Thewell-deﬁned baselines decreased uncertainties of thermo-
dynamic analysis. The sequences were selected to be short, from 8 to 12
base pairs, resulting in signiﬁcant Gibbs energy contributions of dyes to
the total ΔG° of duplex hybridization. In addition, short DNA duplexes
are likely to melt in two-state manner, simplifying thermodynamic
analysis. Sequences were also chosen to minimize formation of alterna-
tive secondary structures such as hairpins and partially complementary
duplexes.
Thermodynamic values of duplexmelting reactionwere determined
from ﬁts to individual melting proﬁles and from plots of 1/Tm vs ln Ct.
The plots are depicted in Fig. 2B and 1S in the Supplementary data.
The relationships are linear as expected for two-state melting process.
The ΔH° values differed less than 12% between two analytical methods
and average difference was 4.6%. For ΔS°, the largest differencewas 14%
and the average deviation was 5.2%. The ΔG°37 differences were less
than 0.8 kcal/mol between two methods and the average difference
was 0.2 kcal/mol. These results are consistent with two-state melting
behavior [35,38]. The assumption of single cooperative transition ap-
pears to be reasonable for all duplexes.
3.2 . Thermodynamic models of Cy3 and Cy5 terminal modiﬁcations
The primary set (Table 1) includes variety of sequences because we
attempted to explore many factors that could inﬂuence thermodynamic
effects of dyes. Four sequences were self-complementary. The other du-
plexes were annealed from two different sequences. At the site of dye at-
tachment, all sixteen possible nearest neighbors (AA, AC, AG, AT, CA, etc.)were present in the data set. In some cases, two dyes were attached, one
to each terminus of a duplex, essentially doubling the thermodynamic
effects.
Results in Table 1 demonstrate that Cy dyes are always stabilizing
and increases melting temperature regardless of neighboring oligonu-
cleotide sequence. The impact of modiﬁcations on melting tempera-
tures (ΔTm) is expected to be more signiﬁcant for short oligomers
than for long oligomers. This is observed experimentally. Average ΔTm
per Cy3 modiﬁcation decreased from 6.0 °C for 8-mers to 3.9 °C for
12-mers. A similar decrease has been observed for Cy5 oligonucleotides,
from 6.0 to 3.8 °C. However, true thermodynamic values, e.g., Gibbs en-
ergy changes per modiﬁcation, are independent of duplex length.
It was previously shown that Texas Red and Iowa Black RQ quencher
do not affect thermodynamic stability beyond two base pairs from du-
plex terminus [39]. We have anticipated that the Cy dyes also interact
mostly with a few of the closest base pairs and long interactions have
negligible impacts on duplex energetics. This notion was examined by
comparison of singly and doublymodiﬁed duplexes. If a duplex contains
a dye at each terminus and the distance between the dyes is large
enough to suppress signiﬁcant interactions, the stabilizing effects are
expected to be additive. Table 2 shows that stabilizing Gibbs energies
originating fromeach terminus are indeed additivewithin experimental
errors. No signiﬁcant energetic interactions are therefore occurring be-
tween two cyanine dyes attached at the opposite ends of a duplex.
This result suggests that Cy3 thermodynamic effects are localized to ol-
igonucleotide 5′ terminus and do not extend more than 4 base pairs
(half of the measured duplexes).
We have tested several models of various complexities in the search
for the most suitable thermodynamic model. The simplest model, the
one-parameter model (1P) assumes that the thermodynamic contribu-
tion of a dye is independent of oligonucleotide sequence and could be
described by a single parameter for each dye. The ﬁtted parameters of
the model are presented at the top of Supplementary Table S2. Average
stabilizing Gibbs energy of Cy3modiﬁcation is−1.2 kcal/mol. The same
average change of Gibbs energy is seen for Cy5 dyes within the experi-
mental error. We have next analyzed sequence dependence of thermo-
dynamic effects.
Fig. 3 shows Gibbs energy contributions attributed to the dye as a
function of the nearest nucleotide. The solid line connects average
values and demonstrates the trend. Signiﬁcant sequence dependence
is seen for both Cy3- and Cy5-modiﬁed oligonucleotides. If Cy dye is at-
tached to a pyridine nucleotide, it tends to stabilize the duplex more
(−1.4 kcal/mol) than the Cy dye attached to a purine nucleotide
(−1.0 kcal/mol). The only exception is Cy3-T-sequence context,
which is less stabilizing than expected. The 1P model does not account
for these sequence-speciﬁc effects. The better model would consider
the type of the nearest base pair and the nucleotide conjugated to the
dye. Parameters of such model, the nearest-neighbor model (NN), are
reported in the bottom of Table S2. They were determined from the ﬁt
to the primary data set.
Close examination of themelting data indicates that interactions be-
tween the dyes and the nearest base pair are not sufﬁcient tomodel var-
iations in the thermodynamic contributions shown in Fig. 3. The
substantial deviations of ΔΔG°37 values are seen within each group
of the same x-axis value. For example,ΔΔG°37 of Cy5–AC/TG is−1.2 kcal/mol
while ΔΔG°37 of Cy5–AA/TT is−0.5 kcal/mol. The difference between
these values, 0.7 kcal/mol, is signiﬁcantly higher than the estimated
experimental errors (±0.2 kcal/mol). The substantial Gibbs energy dif-
ferences are also seen between Cy5–TA/AT and Cy5–TC/AG as well as
between Cy3–TA/AT and Cy3–TG/AC (0.4 kcal/mol). These observations
suggest that the next-nearest-neighbor model (NNN) could improve
accuracy of the predictions. The model contains sixteen parameters to
account for each possible combination of the dye and two neighboring
base pairs. The ﬁtted parameters are presented in Table 3 for both Cy3
and Cy5 modiﬁcations. Calculation of duplex stability using these
parameters is illustrated in the Supplementary data.
Table 1
Thermodynamic values of single strand-duplex annealing reactions in 1 M Na+ buffer.
ID Duplex DNA sequences (5'–3'/3'–5')a ΔH°
(kcal·mol−1)b
ΔS°
(cal·mol−1·K−1)b
ΔG°37 (kcal·mol−1)b Tm
(°C)c
ΔTm
(°C)d
Core duplexes
D1 ACGATCGT/TGCTAGCA −58.5 −161.8 −8.3 38.4
D2 CTGATCAG/GACTAGTC −62.1 −176.6 −7.3 33.2
D3 GATGCATC/CTACGTAG −60.6 −171.4 −7.4 33.7
D4 TCACGTGA/AGTGCACT −58.8 −165.1 −7.6 34.7
D5 AGCGTCCA/TCGCAGGT −58.5 −157.3 −9.7 41.2
D6 GGCATCGG/CCGTAGCC −65.5 −179.3 −9.9 41.5
D7 ATCGTTGCTA/TAGCAACGAT −68.0 −185.6 −10.4 44.0
D8 CAGCAGGCAC/GTCGTCCGTG −73.1 −196.6 −12.1 51.2
D9 GCGAGGAGGCTT/CGCTCCTCCGAA −91.3 −244.9 −15.3 60.3
D10 TTCAAGTATTCG/AAGTTCATAAGC −82.3 −230.5 −10.8 44.3
Cy3-modiﬁed duplexes
D11 Cy3–ACGATCGT/TGCTAGCA–Cy3 −66.1 −178.2 −10.9 50.7 12.3
D12 Cy3–CTGATCAG/GACTAGTC–Cy3 −66.1 −180.9 −10.0 46.1 12.9
D13 Cy3–GATGCATC/CTACGTAG–Cy3 −66.6 −182.6 −9.9 45.9 12.2
D14 Cy3–TCACGTGA/AGTGCACT–Cy3 −61.0 −164.9 −9.9 46.4 11.7
D15 Cy3–AGCGTCCA/TCGCAGGT −63.2 −168.8 −10.8 46.6 5.4
D16 Cy3–AGCGTCCA/TCGCAGGT–Cy3 −65.3 −172.1 −11.9 51.9 10.7
D17 AGCGTCCA/TCGCAGGT–Cy3 −64.9 −173.4 −11.1 47.7 6.5
D18 Cy3–GGCATCGG/CCGTAGCC −71.9 −195.3 −11.3 47.5 6.0
D19 GGCATCGG/CCGTAGCC–Cy3 −67.7 −182.4 −11.2 47.6 6.1
D20 Cy3–ATCGTTGCTA/TAGCAACGAT −73.8 −200.3 −11.7 48.9 4.9
D21 ATCGTTGCTA/TAGCAACGAT–Cy3 −70.1 −189.5 −11.3 47.9 3.9
D22 Cy3–CAGCAGGCAC/GTCGTCCGTG −78.1 −208.3 −13.5 56.3 5.1
D23 CAGCAGGCAC/GTCGTCCGTG–Cy3 −76.1 −202.7 −13.2 55.5 4.3
D24 Cy3–GCGAGGAGGCTT/CGCTCCTCCGAA −92.9 −246.5 −16.4 64.1 3.8
D25 Cy3–GCGAGGAGGCTT/CGCTCCTCCGAA–Cy3 −97.5 −257.9 −17.5 66.8 6.5
D26 GCGAGGAGGCTT/CGCTCCTCCGAA–Cy3 −93.8 −250.3 −16.2 62.9 2.6
D27 Cy3–TTCAAGTATTCG/AAGTTCATAAGC −86.0 −238.9 −11.9 48.2 3.9
D28 Cy3–TTCAAGTATTCG/AAGTTCATAAGC–Cy3 −90.2 −247.5 −13.4 53.3 9.0
D29 TTCAAGTATTCG/AAGTTCATAAGC–Cy3 −86.6 −239.4 −12.4 49.8 5.5
Cy5-modiﬁed duplexes
D30 Cy5–ACGATCGT/TGCTAGCA–Cy5 −64.8 −174.3 −10.8 50.4 12.0
D31 Cy5–CTGATCAG/GACTAGTC–Cy5 −65.5 −178.5 −10.1 47.1 13.9
D32 Cy5–GATGCATC/CTACGTAG–Cy5 −63.7 −174.4 −9.6 44.6 10.9
D33 Cy5–TCACGTGA/AGTGCACT–Cy5 −66.0 −178.4 −10.7 49.8 15.1
D34 Cy5–AGCGTCCA/TCGCAGGT −61.1 −162.4 −10.7 46.2 5.0
D35 AGCGTCCA/TCGCAGGT–Cy5 −62.0 −164.4 −11.0 47.7 6.5
D36 Cy5-GGCATCGG/CCGTAGCC −66.7 −180.1 −10.8 46.0 4.5
D37 GGCATCGG/CCGTAGCC–Cy5 −65.2 −174.3 −11.1 47.7 6.2
D38 Cy5–ATCGTTGCTA/TAGCAACGAT −71.0 −192.0 −11.5 48.4 4.4
D39 ATCGTTGCTA/TAGCAACGAT–Cy5 −71.5 −193.4 −11.5 48.7 4.7
D40 Cy5–CAGCAGGCAC/GTCGTCCGTG −76.9 −204.3 −13.5 56.5 5.3
D41 CAGCAGGCAC/GTCGTCCGTG–Cy5 −75.6 −201.1 −13.2 55.7 4.5
D42 Cy5–GCGAGGAGGCTT/CGCTCCTCCGAA −90.2 −239.2 −16.0 63.4 3.1
D43 GCGAGGAGGCTT/CGCTCCTCCGAA–Cy5 −90.7 −241.1 −15.9 62.7 2.4
D44 Cy5–TTCAAGTATTCG/AAGTTCATAAGC −90.6 −252.4 −12.3 49.0 4.7
D45 TTCAAGTATTCG/AAGTTCATAAGC–Cy5 −86.6 −239.4 −12.3 49.6 5.3
a Before the slash, the sequence is shown in 5′ to 3′ direction. After the slash, the complementary strand sequence is in 3′ to 5′ orientation.
b Average values frommelting curve ﬁts and 1/Tm versus ln Ct plots.
c Melting temperatures are reported at Ct of 2 μM.
d Difference of melting temperatures between modiﬁed and core duplexes.
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We have examined accuracy of predictions made by new models
and parameters. Performance was tested by calculating χ2 and rootTable 2
Additivity of stabilizing Gibbs energies (kcal.mol−1) for DNA duplexes labeled with one or two
ID Duplex DNA sequences (5′–3′/3′–5′) ΔΔG°37
(Cy3 on left strand)a
D16 Cy3-AGCGTCCA/TCGCAGGT-Cy3 −1.1
D25 Cy3-GCGAGGAGGCTT/CGCTCCTCCGAA-Cy3 −1.1
D28 Cy3-TTCAAGTATTCG/AAGTTCATAAGC-Cy3 −1.1
a All thermodynamic values were experimentally measured. Differences of transition Gibbs
ΔG°(native duplex).
b Sum of stabilizing Gibbs energies for two duplexes each labeled with a single Cy3 modiﬁcmean square deviation values. Measurements of melting temperatures
and Gibbs energy changes exhibit the lowest relative errors due to cor-
relation and compensation of ΔH° and ΔS° errors [27]. We have there-
fore focused on predictions of experimental ΔΔG°37 and ΔTm valuesCy3 dyes.
ΔΔG°37
(Cy3 on right strand)a
ΔΔG°37
(sum)b
ΔΔG°37
(Cy3 on both strands)a
−1.4 −2.5 −2.2
−0.8 −1.9 −2.2
−1.5 −2.6 −2.6
energies between labeled and unlabeled duplexes are shown, ΔΔG° = ΔG°(labeled)−
ation, ΔΔG°(sum) = ΔΔG°(left strand label) + ΔΔG°(right strand label).
Fig. 3. Effects of the nearest base pair on the Gibbs energy contribution of cyanine dyes to
duplex stability. Solid line connects average values to illustrate the trend. (A) Cy3-modi-
ﬁed DNA duplex oligomers. (B) Cy5-modiﬁed DNA duplex oligomers.
Table 3
Parameters of the next-nearest-neighbor model (NNN) for stabilizing effects of Cy3 and
Cy5 dyes attached to 5′ terminus of DNA·DNA duplexes.
Sequencea ΔΔH°
(kcal.mol−1)
ΔΔS°
(cal.mol−1.K−1)
ΔΔG°37
(kcal.mol−1)
Cy3–AA/TT −3.20 −7.37 −0.91
Cy3–AC/TG −3.81 −8.20 −1.27
Cy3–AG/TC −3.26 −7.23 −1.02
Cy3–AT/TA −5.79 −14.70 −1.23
Cy3–CA/GT −4.99 −11.63 −1.39
Cy3–CC/GG −2.24 −3.01 −1.30
Cy3–CG/GC −4.27 −8.85 −1.53
Cy3–CT/GA −1.99 −2.16 −1.32
Cy3–GA/CT −2.99 −5.59 −1.26
Cy3–GC/CG −2.28 −3.61 −1.16
Cy3–GG/CC −6.37 −15.96 −1.42
Cy3–GT/CA −2.97 −6.03 −1.10
Cy3–TA/AT −2.08 −3.92 −0.87
Cy3–TC/AG −1.09 0.08 −1.12
Cy3–TG/AC −4.96 −11.82 −1.29
Cy3–TT/AA −3.67 −8.32 −1.09
Cy5–AA/TT 0.62 3.78 −0.55
Cy5–AC/TG −3.16 −6.24 −1.22
Cy5-AG/TC −2.57 −5.11 −0.99
Cy5–AT/TA −3.01 −6.41 −1.02
Cy5–CA/GT −3.76 −7.72 −1.36
Cy5–CC/GG 0.33 5.06 −1.24
Cy5–CG/GC −4.25 −8.95 −1.47
Cy5–CT/GA −1.71 −0.96 −1.41
Cy5–GA/CT −1.55 −1.50 −1.09
Cy5–GC/CG 1.11 5.73 −0.67
Cy5–GG/CC −1.19 −0.78 −0.95
Cy5–GT/CA −2.47 −4.45 −1.09
Cy5–TA/AT −3.49 −7.74 −1.09
Cy5–TC/AG −3.60 −6.66 −1.54
Cy5–TG/AC −3.49 −7.11 −1.29
Cy5–TT/AA −8.29 −21.93 −1.48
a Sequence orientation is 5′–DNA–3′/3′–DNA–5′.
41B.G. Moreira et al. / Biophysical Chemistry 198 (2015) 36–44attributed to dyes. The results are revealed in Table 4. The left side of the
table shows performance of predictions for the primary data set that
was also used to derive the parameters. The next-nearest-neighbor
model exhibits the lowest χ2 and the lowest rmsd values for predictions
of both Gibbs energy contributions and ΔTm values. It is not surprising
that the more complex NNN model ﬁts the primary dataset better
than the 1P or NNmodels. Increasing the number of parameters usually
improves ﬁt to a data set. The better measure of accuracy is the model
ability to predict set of independent measurements that were not
used to determine model parameters.
We have measured validation melting data for both Cy3 and Cy5
modiﬁed oligonucleotides. The sequences ranged in length from 10 to
30 base pairs and GC base pair content varied from 30 to 60%. Melting
temperatures of independent validation set are reported in Table 5.
Ability of thermodynamicmodels to predictΔTmvalues of the validation
set is analyzed in the last two columns of Table 4. Again, the next-
nearest-neighbor model exhibits the best accuracy, the lowest χ2 and
the lowest rmsd, compared to the 1P and NNmodels.We therefore rec-
ommend using the NNN model and the parameters from Table 3 to
make stability predictions for Cy3- and Cy5-modiﬁed duplexes.
3.4 . Interactions between Cy dyes and dangling nucleotides
Inmany biological experiments, the complementary strand is longer
than the oligonucleotide probe labeled with a dye. The questions arise
about energetics of interactions between dangling (unpaired) nucleo-
tides of the complementary strand and the attached dye.We have stud-
ied several modiﬁcations of the core oligonucleotide duplex D6 where
the complementary strand was extended at 3′ end with various native
nucleotides. The Gibbs energy of hybridization for these duplexes was
compared with the core duplex and with the Cy3-modiﬁed duplexes.
Analysis of experimental data is presented in Table 6. The ΔΔG° valuesare calculated using the core duplex as a reference. The 3rd column of
the table contains measured Gibbs energy of stabilization due to the
dangling ends. The 4th column shows the measured ΔΔG° contribution
from the attached Cy3 dye. The sum of these two contributions is calcu-
lated in the 5th column. The last, 6th column shows experimentally
measured Gibbs contribution when both the dangling nucleotide and
the Cy3 dye were attached to the duplex. The values in the 5th column
and the last column are identical within experimental errors. This com-
parison demonstrates that the effects of dangling nucleotides and the
Cy3 dye are approximately additive. We have repeated the study for a
different sequence, duplex ID D5. The results are shown in the bottom
of Table 6. Again, the ΔΔG°37 contributions are additive. The additivity
of Cy3 and dangling end effects seems to hold for various sequences.
4 . Discussion
Chemical synthesis of cyaninemodiﬁed oligonucleotides is challeng-
ing and expensive. It would be therefore useful to predict accurately hy-
bridization of these oligonucleotides and design them well for
applications and experiments. In addition, knowledge of dye–DNA in-
teractions is important for development of newmodiﬁcations and inter-
pretations of ﬂuorescence measurements. Current algorithms assume
that the attached dyes do not change signiﬁcantly thermodynamic sta-
bility of DNA duplexes and the effects of terminal labels are often
neglected. Our experiments demonstrate that this approach gives inac-
curate predictions of melting temperatures and transition Gibbs ener-
gies. For short oligomers (less than 15 base pairs), Tm increased up to
7.6 °C per attached Cy dye (Table 1). The increase is signiﬁcant even
for long oligomers. Table 5 shows stabilization up to 2.6 °C for 20 base
pair long duplexes. This is consistent with our previous study detecting
~1.5 °C increase of Tm when 20-mer duplex is modiﬁed with either Cy5
or Cy3 [29]. Similar values have been observed by others [22]. Character
Table 4
Accuracy of predictions for hybridization thermodynamics of Cy3- and Cy5-modiﬁed DNA duplexes.
Modela No. param. Predictions for primary set Predictions for validation set
χ2(ΔΔG) χ2(ΔTm) rmsd(ΔTm)b χ2(ΔTm) rmsd(ΔTm)b
Cy3 dye attached to 5’ terminus
1P 1 18 21 0.7 8.1 0.5
NN 4 11 16 0.6 7.7 0.5
NNN 10 1.2 8.3 0.5 3.4 0.3
Cy5 dye attached to 5’ terminus
1P 1 40 42 1.1 11.8 0.6
NN 4 17 17 0.7 13.1 0.6
NNN 10 (0) 7.1 0.5 9.7 0.5
a Parameters of models NNN, 1P, and NN are in Table 3 and S2.
b Units are °C.
42 B.G. Moreira et al. / Biophysical Chemistry 198 (2015) 36–44of the linker inﬂuences the magnitude of duplex stabilization. The rigid
linker, e.g. triple C≡C bond, restricts the cyanine dye mobility and ap-
pears to prevent interactions between the dye and the DNA duplex. In
this case, the attachment of Cy3 or Cy5 dye does not change duplex sta-
bility [22]. If the aliphatic linker made from CH2–CH2 bonds is used, the
ﬂexible chain allows the dye to interact with neighbor nucleotides and
explore various conformations. Fegan et al. reported that the ﬂexible at-
tachment of Cy dyes to the terminal dT base stabilized 15 base pair du-
plex by 8 to 9 °C [22].
In contrast, the Cy3 and Cy5 dyes attached in the interior of the du-
plex are usually destabilizing [2,23,40]. The magnitude of this effect is
also dependent on the character of the linker. The dye attached by a sin-
gle alkane linker to a nucleobase appears to reduce Tm more than the
dye inserted between nucleotides as a part of the DNA backbone [2].
The ﬂexible linker alone does not appear to be responsible for the
change of duplex stability; thepresence of the dye is required to observe
the destabilization [23]. All these results show that it is necessary to ac-
count for the dye and the linker contributions to duplex stability to
make accurate predictions. The stabilizing effects have the most impact
in short duplexes that are seen in hairpins, molecular beacons, and
nanostructures.
The analysis in Fig. 3 and the parameters in Table 3 demonstrate that
the thermodynamic effects of Cy3 and Cy5 depend on the base se-
quence. This has been seen also for ﬂuorescence properties of the
dyes. Fluorescence lifetimes, anisotropy and quantum yields depend
on the local environment and the base sequence near the site of attach-
ment [24,41]. This sensitivity has been explained in terms of cis-trans
isomerization of C=C bonds in the dye polymethine chain [24]. The
bonds are primarily in the all-trans conformation in the ground state.Table 5
Validation set of modiﬁed duplexes that were not used to derive thermodynamic parameters.
Sequence (5′ to 3′)a Exper. Tm (°C)
Modiﬁed
duplex
Cy3–GAAATGAAAG 39.1
Cy3–CGTACACATGC 54.4
Cy3–TGATTCTACCTATGTGATTT 65.4
Cy3–TGAGGTAGACACAATGATGG 70.5
Cy3–ACCGACGACGCTGATCCGAT 80.4
Cy3–GTTCACGTCCGAAAGCTCGAAAAAGGATAC 79.6
Cy5–GAAATGAAAG 38.4
Cy5–CGTACACATGC 54.0
Cy5–TGATTCTACCTATGTGATTT 66.0
Cy5–TGAGGTAGACACAATGATGG 69.8
Cy5–ACCGACGACGCTGATCCGAT 79.4
Cy5–GTTCACGTCCGAAAGCTCGAAAAAGGATAC 80.1
a Complementary sequence is the perfectly matched DNA oligomer that is not chemically m
b Experimentally measured Tm difference between modiﬁed and core DNA duplexes (Ct = 2
c Predicted Tm difference using NNN thermodynamic parameters from Table 3 and uniﬁed pUpon excitation, isomerization competes with ﬂuorescence emission
for deactivation of the molecule from the excited to the ground state.
If the photoisomerization is sterically obstructed by dye–DNA interac-
tions, ﬂuorescence efﬁciency and lifetime increases.
Interactions between small organicmolecules andnucleic acids have
been characterized based on structural attributes. The Cy dyes have the
geminal methyl groups that has been suggested to suppress intercala-
tion and groove binding due to steric clashes [42]. These two modes of
dye–DNA interactions are usually accompanied by substantial changes
of absorbance spectrum, speciﬁcally, peak shapes, magnitudes, and
maximum wavelengths change [43]. We have not detected any such
spectral changes when the complementary strand hybridized to Cy3-
or Cy5-modiﬁed oligonucleotides (data not shown).
NMR structural experiments established that both Cy3 and Cy5 dyes
are mostly stack onto the terminal base pair, in a similar orientation to
an additional base pair [44,45]. This notion is in agreement with ob-
served periodicity of FRET efﬁciency [20]. However, the rise of Cy3
ring is larger than the rise between bases in B-DNA duplex (0.5 nm vs
0.34 nm). The proximal indole ring, to which DNA linker is attached,
partially stacks and exhibits weak interactions with the neighbor base.
The distal indole ring makes strong interactions with the base comple-
mentary to the nucleotide of the dye attachment. We hypothesize that
this interaction is crucial for the sequence speciﬁcity of duplex stabiliza-
tion. If Cy dye is attached to pyrimidine, it exhibit strong stacking inter-
actions with the complementary purine. Therefore, the stabilizing free
energy contributions are generally large (Fig. 3). If the dye is conjugated
to purine nucleotide, it stacks and interacts less with the complementa-
ry pyrimidine. Gibbs energy contribution to duplex stability is therefore
smaller than in the ﬁrst case. We assume that dye–nucleobase π–πΔTm (°C)
Core
DNA
Exper.b Predict.c
33.6 5.5 5.4
49.5 4.9 5.2
63.4 2.0 2.2
68.6 1.9 2.0
77.8 2.6 2.0
78.7 0.9 1.2
33.6 4.8 4.7
49.5 4.5 5.0
63.4 2.6 2.5
68.6 1.2 2.4
77.8 1.6 2.1
78.7 1.4 1.3
odiﬁed.
μM, 1 M Na+ buffer).
arameters [26].
Table 6
Experimentally measured thermodynamic contributions of Cy3 dyes and dangling nucleotides.
DNA duplex Dangling base (X) Attached base ΔΔG°(X)a
(kcal·mol−1)
Attached Cy3
ΔΔG°(Cy3)b
(kcal·mol−1)
Sum of ΔΔG°(X) and
ΔΔG°(Cy3)
(kcal·mol−1)
Attached both X and Cy3
ΔΔG°(both)
(kcal·mol−1)
Cy3-CCGATGCC/
X-GGCTACGG
A −0.4 −1.3 −1.7 −1.8
C +0.2 −1.3 −1.1 −1.4
G −0.4 −1.3 −1.7 −1.6
T −0.3 −1.3 −1.6 −1.7
Cy3-AGCGTCCA/
X-TCGCAGGT
A −0.4 −1.2 −1.6 −1.6
C −0.2 −1.2 −1.4 −1.6
G −0.4 −1.2 −1.6 −1.6
T −0.4 −1.2 −1.6 −1.6
a Only dangling base was attached to duplex terminus (no Cy3 dye). ΔΔG°(X)= ΔG°37(duplex with dangling base)− ΔG°37(core duplex). Transition Gibbs energies were determined
from ﬁts to melting proﬁles. Experiments were conducted in a 1 M Na+ buffer and Ct was 5 μM.
b Only Cy3 was attached to duplex terminus (no dangling base).
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the size of nucleobase conjugated ring system. Harvey and Levitusmea-
sured interactions between Cy3 dyes and deoxyribonucleoside
monophosphates (dNMP) in solution [46]. Purine dNMP enhanced
Cy3 ﬂuorescence quantum yield and lifetimes substantially more
than pyridine dNMPs. Their ﬂuorescence results established that
Cy3-nucleotide interactions are stronger for purine than pyrimidine
nucleotides in agreement with our hypothesis of duplex stabilization
speciﬁcity.
The measurements of Iqbal et al. demonstrate that the stacking in-
teractions of the dyes are dynamic [20]. FRET efﬁciency between Cy3
and Cy5 deviates from the rigid structure predictions suggesting that
lateral movements and alternative stacked conformations may occur.
Multiple ﬂuorescent lifetimes also indicate that a minor fraction of
dyes is unstacked and free to explore various conformations [21]. In
spite of the alternative conformations, thermodynamic data ﬁts the as-
sumption of two-state melting process. The dominant conformation of
attached Cy3 and Cy5 dyes is being stack on the terminal base pair.
The dyes stabilize duplexes and suppress fraying of duplex termini.
Recently, Kroutil et al. published computer modeling of Cy3 and Cy5
dyes attached to 5′ end of CCACTAGTGG sequence [51]. They reported
signiﬁcant stacking between the distal indole ring of dyes and the com-
plementary guanine. This stacking interaction was detected in the most
probable structures. The stacked dye also changed the local ﬂexibility
reaching up to two neighbor base pairs. The largest structural impact
was detected at the ﬁrst, nearest neighbor base pair. These ﬁndings
are consistent with our sequence dependence of measured Gibbs ener-
gies and with the necessity to consider two neighbor base pairs in the
thermodynamic model.
Average Gibbs energy contributions are similar for both Cy3 and Cy5
because the dyes have analogous chemical structures and interactions
with DNA. The Cy5 dye contains two extra methine groups in the
chain that is bridging indole rings. The long bridge seems to decrease
interactions of the proximal indole ring with DNA [44], which may ex-
plain minor differences between dyes. Table 3 shows that the duplex
stabilization is enthalpically driven for the vast majority of sequences.
The exceptions are three Cy5 parameters, Cy5–AA/TT, Cy5–CC/GG, and
Cy5–GC/CG, where the stabilization is characterized by favorable de-
crease of entropic cost for duplex formation. The contributions of vari-
ous forces (electrostatic, dispersion, hydrophobic, and van der Waals)
are likely to be speciﬁc for each dye and sequence context [47].
It is important to consider limitations of the new thermodynamic
model. The parameters were determined for 5′ attachments of the
dyes with the standard three-carbon ﬂexible linker. If the linker has dif-
ferent length or is rigid, the thermodynamic contributions of the dyes
could be different [22,48]. In addition, the point of the dye conjugation
matters. Molecular dynamics simulations suggest that 3′ attached
dyes explore a wide region of conﬁguration space and stacking interac-
tions are weak compared to 5′ attached dyes [49]. The Cy dyesconjugated to duplex interior are destabilizing [2]; new parameters
are not applicable in this case.
New parameters have been determined for duplexes folded into
B-DNA structure; the other secondary structures may exhibit different
interactions. For example, free Cy5 has been found to stabilize the
telomeric quadruplex more than the duplex [50]. Another factor that
could affect dye interactions is the presence of other modiﬁcations in
the close proximity. If a quencher is attached at the same duplex end,
the dye–quencher complex is likely to form. These complexes stabilize
duplexes signiﬁcantlymore than any Cydye alone [39]. Finally, the ther-
modynamic parameters were determined at neutral pH and in 1MNa+
buffer. The values may be different in buffers deviating from these
conditions.
5 . Conclusions
We have determined thermodynamic parameters to improve
prediction of DNA duplex stability where Cy3 or Cy5 dye is attached to
oligonucleotide 5′ terminus. The stabilizing effects of dyes are
sequence-dependent and larger than the thermodynamic effects of
dangling nucleotides. New parameters will be implemented into free
on-line calculation tool at http://biophysics.idtdna.com.
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